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NOMENCLATURE

a Isentropic speed of sound

h Static enthalpy

H Ratio of local coordinate system curvature to body radius
of curvature, 1 + y/R

H. Total (stagnation) enthalpy, h + 1/2q2

K Curvature of body

M Mach number

p Press're

P Logarithm of pressure

q Total velocity, /u2+v2+w2

r Radial coordinate in cylindrical coordinates

r Cross-section radius

R Body radius of curvature, or gas constant

s Entropy

T Temperature

u Tangential velocity component in body-normal coordinates

v Normal velocity component in body-normal coordinates

VC Freestream velocity

w Circumferential velocity component in body-normal
coordinates

x Wetted length, measured along body surface from
stagnation point

y Distance from body surface, measured along body-normal

Axial coordinate in cylindrical coordinates
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NOMENCLATURE (Cont'd.)

a Angle of attack

Stret'hing par3meter

Sideslip angle

y Isentropic exponent

E Convergence criterion for iterative calculations

n Transformed normal coordinate

e Circumferential coordinate in (!rn,8) coordinates

eb Local body angle

X Characteristic slope

Wetted length in (E,n,e) coordinates

p Density

F Normal streamline slope, v/u

US Local shock slope, tdn-lar s/az

T Circumferential streamline slope, w/u

It Circumferential coordinate

Circumferential coordinate (nose geometry)

()b Condition at body

)EB Equivalent body quantity

()s Condition at shock

S)o Stagnation point condition

S)CO Freestream condition

Sonic point condition
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SECTION 1

INTRODUCTION

This report describes work performed under Task 3.2.1.9, "Asym-

metric Flow Field Modeling," Subtask 3.2.1.9.2, "3DSAP Modifications," of

the Performance Technology Program (PTP-S II). This effort involved the

extension of the Three-Dimensional Shock and Pressure (3DSAP) approximate

inviscid flow field technique to treat flared multi-conic frustum con-

figurations.

The 3DSAP approximate flow field technique was originally de-

veloped to provide rapid yet accurate aerodynamic predictions for ballistic

reentry vehicles with asymmetric ablated nosetips (References 1 and 2).

In 3DSAP the nosetip flow field solution is developed by assigning surface

pressures from a correlation and iterating on bow shock position until

mass continuity is satisfied, assuming the functional forms of the profiles

of the flow properties across the shock layer. The frustum flow field

solution is obtained from the finite difference solution of the three-dimen-

sional inviscid flow equations, using initial data from the nosetip flow

field solution. The solution of the 3-D inviscid equations on the frustum

simplified by assuming the functional form of the cross-flow distribution

and limiting the analysis to small angles of attack and axiyiymmetric frusta.

(,s originally developed, the 3DSAP code was restricted to conic or expan-

sion biconic frusta.)

Section 2 of this report describes an optional nosetip pressure

correlation that has been added to 3DSAP for use on indented nosetip

geometries. This optional correlation was developed in an earlier task

of the PTP-S II program for use on indented nosetip geometries in a

dispersion code (Reference 3).

5.



The modification of the 3DSAP code to allow radial grid stretching

in the supersonic finite difference calculations is described in Section 3.

The addition of this option to the code permits the clustering of mesh

points near the wall to resolve the flow gradients that may arise there,

while retaining the formal second order accuracy of the finite difference

procedure used.

In Section 4 the extension of the geometric capabilities of the

3DSAP code to multi-conic axisymmetric afterbodies is described. Included

in this new capability is an improved procedure for treating the disconti-

nuities of both the flow and the coordinate system at expansion corners.

Finally, in Section 5, the addition of the capability of treating

flared afterbody sections to the 3DSAP code is described. In this analysis

it is assumed that there is an attached embedded shock on the flare and

that the flow behind the shock remains supersonic. A discrete shock-fitting

algorithm has been developed to accurately treat the embedded shock.

The appendices to this report provide a modified user's guide

to the 3DSAP code.

6.



SECTION 2

MODIFIED NOSETIP SURFACE
PRESSURE CORRELATION

As described in Reference 1, the 3DSAP approximate flow field

procedure assigns nosetip surface pressures from correlations, assuming
that each meridional plane on the nosetip is treated as an equivalent

axisymmetric body. In the original 3DSAP analysis, the approximate loca-
tion of the sonic point is determined from a correlation relating the sonic
point body angle to the inverse bluntness of the nosetip, as developed in

Reference 4. In the subsonic region upstream of the sonic point, the sur-
face pressure is assigned from Love's "Newtonian Deficiency Method,"s as

modified in Reference 4. Downstream of the sonic point, the surface pres-

sure is assigned from a curve fit developed in Reference 4 of a matched

Newtonian plus Prandtl-Meyer expansion.

In Reference 3, as part of the PTP-S I! program, this surface

pressure correlation procedure was modified to provide more accurate re-
sults for indented nosetip geometries for application to a ballistic reentry

vehicle (SRV) dispersion code. This improved correlation has been in-

corporated as an option in the 3DSAP code, and is described below.

Using the nomenclature of the original 3DSAP equivalent body

analysis (Reference 1), the sonic point body angle is defined as

6* = 500 - aEQ (2.1)

where the equivalent angle of attack is defined as

=-caCos0 + 8 sin (2.?)

7.
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The wetted length from the stagnation point to the sonic point is denoted
by s*, and the local cylindrical radius is r*. The nosetip pressure cor-

relation is applied in two parts: one upstream of the sonic point and the
other downstream. Upstream of the sonic point, the correlation consists
of a melding of correlations for spheres, cones, and flat-faced disks, In-

cluding curvature effects for indented shapes.

The spherical pressure correlation, a modification of the form
given by Kyriss and Neff4, is

P• (2 .3 10= 1 - 1.08 (1 - ) cos 2 ebEQ

where p = p/po, po is the stagnation pressure, and the equivalent body

angle is

ObEQ - eb + aEQ (2L4

The conical pressure correlation, which has been developed in
Reference 3 to include effects of concave geometries, is given by

Pc = min { 1.0, (1.15 sin 6bEQ + 6) x

1- pa p +(2.5)(I N)+
" Po P-o"

where the term 6 is 0 for convex geometries. For concave geometries, 6

accounts for curvature effects by taking the form

6 r cos bEo (r 2. ri 2 ) (2.6)

where ri is the cylindrical radius at the start of the concave section,

and Y is an average curvature, defined as
s

I ýKds
"K = - + 2K] . (2.7)

8.



(Here, sI is the wetted length at the start of the concave section.) K

is the local curvature at a given point.

The spherical and conical pressure correlations are combined

with a correlation for flat disks to yield

T , ý3 ý - (Ts T* f FD1

+ (1- P3)I C "(c - -,) f FD (2.8)

where, from References 5 and 6,

fFD = B(s/s*) 2 + (1-B) e- (2.9)

with

B=
16 (1--.)

X = /kn (s*Is)

.= 0.32

The weighting factor, IT, is defined as

R mi 0.0, - I (T/2 - Ob)/s} (2.10)

where Ko is the curvature at the stagnation point.

Downstream of the sonic point, the same basic approach is used,

except that the spherical pressure correlation is replaced with the curve

fit of a matched Newtonian plus Prandtl-Meyer expansion developed by Kyriss

and Neff':

9.
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s (1 - ) 1 - 1.46143 Sin' (ýEQ + 60)P0
+ 0.51143 sin3 (ýEQ + te)] + p- (2.11)

Po

where

'EQ 2 2 ebEQ

A6= *- 500

In addition, the weighting factor R is redefined to be

sR* (2.12)

with R* = r*/cos 0*. Finally, the conical pressure term, given by Equation

(2.5), is constrained to not exceed the term P-s given by Equation (2.11),

and the resulting pressure i!; given by

-P = k3 p s + (i -R3) -ýc (2.13)

This optional nosetip pressure correlation is invoked auto-

matically by 3DSAP for non-snerical nosetips, or can be selected by the

user by setting the input parameter IPRESS to 2. Comparisons of the

nosetip surface pressures predicted with this correlation to experimental

data for i.idented nosetips may be found in Reference 3.

10.
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SECTION 3

NORMAL GRID STRETCHING FOR
SUPERSONIC CALCULATIONS

In the original 3DSAP analysis of Reference 1, supersonic calcu-

lations were performed in a computational transformed coordinate system

(, where the transformed normal coordinate n was defined as

n = Y/ys (x,o) (3.1)

where y is the coordinate normal to the body surface and y = ys (x,ý) de-
fines the bow shock surface. With this transformation n varies between 0

at the body and 1 at the bow shock, and computational grid points equally

spaced in n are also equally spaced in y along a given line x = constant,

constant.

To allow for radial grid stretching the coordinate transformation

defined by Equation (3.1) has been generalized to the form

n = f(Y/ys) (3.2)

By a suitable choice of the function f, it is then possible to cluster mesh

points near the wall which are equally spaced in the transfcrmed coordinate

n (i.e., the mesh points will be unequally spaced in y). Such a transforma-

tion will permit the accurate resolution of strong flow gradients near the
wall (e.g., entropy layers) while retaining the formal second order accuracy

of the integration procedure used, for which mesh points equally spaced in

the computational coordinates are required.

The form of the stretching function incorporated into 3DSAP is

that developed by Moretti in Reference 7. In this forr.'ulation the stretched

coordinate n is defined implicitly from

y/ys = 1 + tanh (a*(n-l)]/tanha* (3.3)

11.
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where a* is the stretching parameter. The effect of this formulation on

the distribution of grid points is shown in Figurc 3.1; note that as the

stretching parameter approaches zero the effect of the transformation on

the grid point distribution diminishes.

With the coordinate stretching defined by Equation (3.3), the

transformation of derivatives in the physical (x,y,q) coordinates to the

computational (•,n,9) coordinates becomes

-2 = -L + (3 .4 )
ax aE x an

a = f a (3.5)
ay- yan

a = + fa (3.5)To- e ~an

where

D
fy :(%*[D 2.(yy s)2]

fx= fy YSx Y/Ys

f= fy Ys5 Y/Ys

D = Ys/tan h a*

Note that as 0*÷ 0, these forms reduce to

12.
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1.0 (SOURCE :REFERENCE 7)

Y/ys

2

0 1.0

FIGURE 3.1, GRID POINT DISTRIBUTION WITH COORDINATE
STRETCHING
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Ys

fy = -n Ysx/Ys

f =-n Ysw/Ys

which are the forms given by Equations (2.2.9) - (2.2.11) in Reference 2,
in which there is no coordinate stretching.

With coordinate stretching the three-dimensional inviscid equa-
tions of motion become, using the nomenclature of Reference 1,

CONTINUITY

N Au) P + (A.-T f) P + BP + yH [f

++ L sin +b) (3.7)

+7 (sin eb + 0 cos 0b)] =0r

MOMENTUM

+a+ + Ba +2 I-oP + (Hfy- af P I

n 

(3.8)
- R - TB (cos 0b - sin 6b) 0

T +ATn + BT +--L [-TP• + (Hf /r- Tfx) P + p
n b O(3.9)

+ 8 (sin Bb + a cos b) -T + T2B sin b= 0

14.
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ENERGY

s + Ash + Bse = 0 (3.10)

where

A = fx + uHfy + Bf

B = 62 TH/r

At body points, the form of the characteristic compatibility equa-

tion that is solved with coordinate stretching takes the form

P = - ýPn - [BPe + Y{Onfy + (62'e + 61 sin eb)/r
(3.11)

+ TB (sin 8b fy coX R 6b ! ]( - L )(

with

_= fy/ /u 2/a 2-1

At bow shock points the new characteristic compatibility condi-

tion takes the form

aHfy (p + XP (A - f )(u + Xun)
U 1P nP~ u x

(3.12)
"u (v +?XV) n - • kiRi = 0

15.



where

(+ +52T f1 2
B1U = I-T)+(+ r Vy

y

A 2Lf+ allfy 1I)/(I a )
x =(A-u2fx +u U2

= X-A

Y-u (X - f
2 u x

-yHf

3 U y

R1  . BP0 + yH L2 += u r (we +fW)

S(sin 
e + Tcos e + • ]

R= - [Bu + *- TuB sin bR2 A- V-b]

R U

R3  [Bve - -TuB cos b ]

In the modified version of 3DSAP, the Equations (3.7) - (3.12)

are solved exactly as were their counterparts without coordinate stretching

in the original 3DSAP, with only one small variation. It has recently been

noted that in the bow shock point solution procedure, where the bow shock

slope is iterated until Equation (3.12) is satisfied to within some tolerance

E, that the equation is in a dimensional form. Thus, to insure an accurate
solution to the bow shock equation, the convergence criterion is made con-

sistently dimensional by requiring the residual of Equation (3.12) to be

less than e/(Ax) 2 , where Ax is the step size for the supersonic calculation

and E is the convergence criterion input to the code via TEST(34). This

modification ensures a valid shock point solution, regardless of the length

scale used in the geometric input to 3DSAP.

16.
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SECTION 4

TREATMENT OF MULTI-CONIC AFTERBODIES

In the original version of 3DSAP it was assumed that the after-

body was axisymmetric -,id was either a cone or a bicone. To extend the

afterbody geometry capability, the modified 3DSAP allows as many as five

conical segments, edch of which must be axisymmetric. (The number of coni-

cal segments allowed in the new version of 3DSAP may readily be increased

by increasing the dimensions of the appropriate arrays within the 3DSAP

code.)

With the new version of 3DSAP the frustum geometry is always in-

put in the same format. As shown in Figure 4.1, the ILIh conical segment
is defined by specification of RF(I), ZF(I), DZF(I), THF(I), RF(I+1), and

ZF(I+I). Assuming that RF(1) and ZF(1) are known, each conical segment I

is defined through specification of any one of the following pairs of para-

meters:

ZF(I+1), RF(I+I)

ZF(I+l), THF(I)

RF(I+1), DZF(1)
RF(I+I), THP(1)

DZF(I), THF(I).

The choice of which pair of parameters to use is left to the user, and

can be varied from one conical section to the next. More specific details

on the geometry definition procedure for the new version of 3DSAP are pro-

vided in Appendix A.

In addition to increasing the number of frustum geQ.:ietry segments

allowed, the 3DSAP code has been further modified to improve the treatment

of expansion corners on the frustum. Since 3DSAP is formulated in a body-

normal coordinate system, the coordinate system is discontinuous at points

17.
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where the body slope is discontinuous. As illustrated in Figure 4.2, the
discontinuous coordinate system actually fails to include a portion of

the flow field at expansion corners.

To illustrate the procedure developed to treat frustum expansion

discontinuities, referring to Figure 4.2, assume the flow field solution
has been computed to the end of the 1irst cnlc section (cone angle ebl),

with the bow shock located at y a ysl, and with the flow field properties

P, a, T, s known along the body normal between the body and the shock. For

the Forward marching supersonic solution to be computed on the second conic

section (cone angle 602) it is necessary to know the bow shock location
y ' ys 2 measured normal -o the second conic section, as well as all flow

field properties along this new normal.

Because of the coordinate system discontinuity, no flow field

information is available along the new body normal. However, the required

information can readily be generated through the use of severaI approxi-

mations.

Fir'.t, it is assumed that the bow shock 0ope as measured in a

continuous (zr) cylindrical coordinate system is constant across the body-

normal coordirate system discontinuity.* Defining

Us = tan-1  6 =bI + tan'lYsx1  4.1)

and assuming as to be constant, it can be shown that

cos Ob, + tan as sin Ob,=S S (4.2)(
cos 8b2 + tan Os Cos Ob2

*This procedure assumes that the bow shock is not highly curved in the

region of the coordinate system discontinuity.

19.
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from which it follows that

rs 2 a rb + Ys2 Cos Ob2 (4.3)

zs 2 a Zb - Ys2 sin Ob2 (4.4)

The shock slope in the body-normal coordinate system relative to the second

cone can then be expressed as

Ysx 2 a tan (as - 6b 2 ) (4.5)

For the definition of flow field properties along the new normal,

define nI = f(y/yl5 ) as the computational coordinate along the normal to

the first cone, and n2 " f(Y/Ys 2 ) as the computational coordinate along
the normal to the second cone. Assuming that the function f (which may
involve stretching, as described in Section 3) does not vary, the pressure

and entropy are assigned as

P(12) = P(nI) (4.6)

s(n2) = s(nl) • (4.7)

Note that, except for the body surface point, these relations would hold
exactly if the first conic section were a sharp cone.

More care is required in the modification of the streamline slopes
a and T due to the discontinuity of the body-normal coordinate system. From
purely geometric considerations, it can be shown that the streamline slope
02 on the second cone can be expressed in terms of the slope al on the first

cone, assuming a constant streamline slope in cylindrical coordinates, as

= I + tan (Obl - b2) (4.8)02 1 a- tan (6b1 - 6b2)

21.
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To recompute the circumferential streamline slope T it is first

assumed that the total velocity, defined as

q •/uiI(I + a12 + TI 2 ) -Vu2(1 + 022 + T22 ) (4.9)

can be determined from

q( = q(nI) . (4.10)

Since the cross-flow velocity component w is not affected by the body-normal

system discontinuity, it follows that

. W (4.11)
T 2  U2 u2  U1  u2

Combining (4.9) and (4.11) yields

"q - T 1
2 u1

2  (4.12)

'2>i / I + 02

and finally

T T • (4.13)

The procedure described above is used to generate the necessary

data along the normal to the second cone for all grid points, except for

the body point. At the body point at the discontinuity, the pressure on

the second cone is redefined from the series expansion 27 the Prandtl-Meyer

relation for an ideal gas:

PYMI (y+I)MI• - 4 (M1
2- 1)P2(66) + yMI21 (Ae)2 (4.14)Pi (nM+"I 4(M1

2 -I)2

22.
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where Ae Ob1 - Ob2. This expansion is also used for real gas calcula-
tions to approximate the pressure drop across the expansion corner, using
the upstream value of y.

At this body poin:t (on the second cone) the kinematic boundarycondition requires the a2  0 0, And the isentropic expansion Process re-quires S2 a SI. The new u velocity component can then be computed fromthe conservation of total enthalpy for an inviscid flow:

2" 2 H- h 2) -U1 2 (4.1)
where h2 - h2 (P2% s 2 ). Finally, the circumferential streamline slope atthe body can be redefined from Equation (4.13).

23.
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SECTION 5

CALCULATION OF FLARED AFTERBODIES

The major development effort in the modification of the 3DSAP

code has been the addition of the capability to treat flared afterbody

sections. The calculation procedure for flared afterbody sections described

in this section was developed subject to the following assumptions:

* the frustum has only one flare (i.e., compression

corner);

9 the flare section must be the last frustum conic

section;

a the flare section flow field must have an em-

bedded shock of finite strength that is attached

at all points of the compression discontinuity;

and

e the flow behind the embedded shock must remain

sufficiently supersonic so that the f 4nite-

difference forward nmrching integration procedure

for supersonic flows remains valid.

With these assumptions, a discrete shock-fitting approach was

selected as the solution procedure for the flared afterbody flow field.

In this approach the flare shock layer is divided into two regions, one

between the body and the embedded shock and the other between the embedded

shock and the bow shock. The embedded shock, which serves as the boundary

between the two regions, is explicitly treated as a discontinuity across

which the Rankine-Hugoniot shock jump conditions are enforced.

An alternate approach to the calculation of the flare flow field
is the use of the "conservation' form of the governing equations, which

has the capability of automatically "capturing" the embedded shock without

requiring any special procedures to calculate the position and strength

of the embedded shock. However, the use of this "shock-capturing" technique

24.



will produce oscillations in the flow field in the vicinity of the embedded

shock; these oscillations can be large enough to cause the solution to

fail. "Conservation" form solutions frequently use numerical damping to

control these oscillations and thus obtain a solution, but if too much

damping is used, the calculated irnviscid flow field can be distorted.

Because of this consideration, and the desire to have an algorithm

that will work with minimal intervention required of the user, the shock-

fitting approach was selected for this effort even though the development

of a shock-fitting procedure requires greater analytical effort than does
the development of a "Shock-capturing" scheme.

The shock-fitting computational scheme has been incorporated into

a new subroutine, FLARE, which is called from the subroutine SHPR when a

compressive geometric discontinuity is encountered 'in the frustum flow field

calculation. (Thus, when using 3DSAP on configurations that do not have

flares, some core storage can be saved by not loading the subroutine FLARE.)

The first step in the flared body calculation is the initializa-

tion of the embedded shock at the compression corner. In each meridional

plane being computed, it is necessary to determine the slope of the embedded

shock such that the downstream flow is tangent to the body surface. Fol-

lowing the procedure outlined in Section 4 for expansion corners, the

computed flow field solution on the conic section upstream of the flare is

rotated to the body-normal cnordinate system for the flare section, but

without modifying the surface pressure or imposing the kinematic boundary

condition at the body point. Let these data at the body be denoted by

pl, U1, T1 , and si>, noting that cr < 0.

The embedded shock initialization problem for an axisynrnetric

frustum reduces to finding the slope of the embedded shock such that the

properties downstream of the shock (denoted by P2, a2 , T 2 , and s2 satisfy

the flow tangency condition, aY2 =0.

25.



To allow for real gas solutions, an iterative process is used to

determine the initial embedded shock slope in each meridional plane being

computed. If the unit normal to the embedded shock is denoted by

N = N, ex + N2 ey (5.1)

as shown in Figure 5.1, the upstream velocity normal to the shock is

UI = -Ul N, - ul a1 N2  (5.2)

Knowing U1, pl, and s 1 , the downstream properties U2 , P2, and s2 can be

determined from the Rankine-Hugoniot conditions from a call to the 3DSAP

subroutine SHOCK for both ideal atid real gases.

The velocities downstream of the embedded shock can be determined

from the relations

u2 = Ul - N, (U1 - U2 ) (5.3)

u2 02 1 Ul al - N2 ( u2 ) (5.4)

In the iteration, the value of N2 is varied, with

NI : / - N22, (5.5)

until, from Equation (5.4), the tangency condition 02 = 0 is satisified.

With the embedded shock surface defined as y = ys 2 (x,f), the appropriate

embedded shock slope becomes

Ys2x -NI/N2 (5.6)
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FIGURE 5.1, EMBEDDED SHOCK INITIALIZATION
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The initialization for the two layer flare flow field calculation

is carried out as shown in Figure 5.2. With the bow shock surface denoted

by y = Ysl (x,ý), Region I is defined as Ys2 < y < ysI, and Region II as

0 < y < Ys2 . Computational transformations of the normal coordinate are

carried out separately in each region (and may include stretching), result-

ing in

l= f ( S2 (5.7)

T2 f 2 (Ys (5.8)

where the form of the functions fl and f 2 is that given in Section 3 when

stretching is used.

The initial data surface is established at a small but finite

distance Ax from the compression corner in each meridional plane as shown
in Figure 5.2, where the bow and embedded shock positions are given by

YS+ = Ysl 0 Yslx (Ax) (5.9)

Ys2 = Ys2x (Ax) (5.10)

The field data in Region I is assigned directly from the solution upstream

of the flare, rotated into the body-normal coordinate system of the flare

section. This region will initially have the same number of grid points

in the normal direction as did the upstream solution. Region II, because

of its small size, is initialized with two grid points, one at the body

and one at the embedded shock, and both points have the properties down-

stream of the embedded shock assigned.

28.
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BOW SHOCK
y = Ysl(x, €)

EMBEDDED SHOCK

y RYs2(X

REGION I
\ REGION I

Ax

FIGURE 5.2. FLARE CALCULATION INITIALIZATION
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The computational procedure used in this flared body subroutine

is exactly that used in the subroutine SHPR, with the following exceptions:

1.) The "body" point in Region I (which is the upstream

point at the embedded shock) is treated as a field

point, using one-sided forward differences to approxi-

mate n-derivatives.

2.) Shock point calculations (at both the bow and

embedded shocks) are performed using the non-

iterative Kentzer-Moretti predictor-corrector8 ,9

algorithm.

In the Kentzer-Moretti approach to shock-point calculations,

differentiated forms of the Rankine-Hugoniot conditions are incorporated

into the appropriate characteristic compatibility condition to yield an

equation for shock curvature, which can be integrated twice to obtain

shock slope and position.

The form of the compatibility condition used is exactly that
given by Equation (3.12), with the additional simplification of H = 1

allowed by consideration of only conic sections on the afterbody.

For both the bow and embedded shocks, let ( )I denote properties

upstream of the shock and ( )2 denote downstream properties. It is then

possible to differentiate the Rankine-Hugoniot conditions to obtain

P2= D1 Pjý + D2 61ý + D3 s1• (5.11)

=2: D4 PIE + D5 UI• + D6 Sl, (5.12)
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where U1 = -ul (N1 + C1 N2 + T1 N3 )

N1  -Ysx/V

N2 1 1/v

N3 = -Yso/rsv

v :/1 + Ysx 2 + yso2/rs2

It can be noted that for the bow shock, where P1 - Zn p, and

Si s ., that P1, = s1, = 0. For an ideal gas, the coefficients Di may be

expressed in relatively simple form as

2ia1
2 

- (y-1) a 1
2

1 :2 - (y-1) al2

1 4yu 1
2

02 'uI 2yU1
2 - (y-1) a 1

2

-2U12 (y-1)
03 2yU 1 2 - (y-1) a1

2

D4 = 2 (y-1) a1
2

D4 -y• (y+1) U

2a 1
2

1

D6 D4
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For a real gas (equilibrium), the forms of the Di coefficients are more

complicated and are not presented here.

Other terms necessary for this shock point equation are as

follows:

NI{ = C1 YsxX + C2  (5.13)

N2ý = C3 YSxx + C4  (5.14)

N3ý = C5 YsxX + C6  (5.15)

Ulý = C7 Ysxx + C3 (5.16)

u2 = C9 Ysxx + CI0  (5.17)

v2, = C11 Ysxx + C12  (5.18)

with the coefficients Ci given by

C3 = N22N1

C4 = N2
2 N3 (Ysx¢/rs - ys5 Ysx/rs 2 )

CI = -C3 Ysx - N2

C2 = -Ysx C4

C5  -ys5 C,3/rs

C6 = -Ysqo C4 /rs - N2 (ysx/rs - Ys rsx/rs2 )
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C7  -u1 (CI + 01 C3 + T, C5)

C8 M-u1ý (NI + aY N2 + Ti N3) - ul (N2 a1jý + N3 Tý)

-ul (C2 + 01 C4 + T1 C6)

C9  -(u2 - 61 C1 - N, (D5  )C

9~ 51 C2 1 C

C11 =-N 2 (D5 - 1) C7 -(U2 - 01) C3

C12 =Y 1~ ul + u I1 -Y N2 (D4 Pjý + DS slý + C8 (D5 )

-U2- DO C4

With substitution of the above expressions into the characteristic

compatibility condition, solving for the shock curvature yields

afy $~ (l1 + I3 ~i) (A - fx C10

f C + (RHS)],[ afy , D2 C7 (.9
u y 12 u 12 7(.9

u fx) 9 +uly il

where unsubscripted quantities are evaluated with properties downstream of

either the bow or embedded shock, as appropriate.
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Integrating this equation twice Yields both the shock slope (yx

and the shock position (ys). Knowing the shock slope, the properties down-

stream of the shock can be determined directly using the SHOCK subroutine.

As part of the flared afterbody calculation procedure, logic

has been included to automatically respace Regions I and II to ensure that

sufficient field points are used to describe the region between the body

and the embedded shock as the shock moves away from the body, and to ensure

that the mesh spacing between the embedded and bow shocks does not get too

small. The respacing criteria built into the code thus ensure adequate

resolution, without unnecessarily small step sizes (which will adversely

affect the efficiency of the calculation).

A procedure has also been developed to treat, in an approximate

manner, the intersection of the embedded and bow shocks. The two shocks

are assumed to intersect when, in any meridional plane, the shocks come

within some arbitrary percentage of the total shock layer thickness of

each other (typically 5%). When this occurs in any one plane, the shocks

are assumied to intersect in all planes at points determined ty extending

the bow and embedded shocks with constant slopes (Y-sx) assumed. At the

assumed points of intersection, the exact solutions foi properties down-

stream of intersecting shocks of the same family are obtained (including

the slope of the resultant shock). The slopes of the resultant shocks are

then extrapolated back to the last station computed, a new "resultant shock

layer thickness" is defined, and the one region afterbody solution is con-

tinued using the subroutine SHPR.

It should be noted that in many, if not most, of the flared con-

figurations of interest that the bow and embedded shocks typically inter-

sect downstream of the aft end of the vehicle.
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APPENDIX A. USER'S GUIDE TO 3DSAP

This Appendix describes the input variables required for the

operation of the updated 3DSAP code. These input variables are discussed

in groupings of geometry specification, freestream conditions, output con-

trols, and special options. A glossary of all input variables is pm-

vided in Appendix B.

A. GEOMETRY

The geometry specifications required in 3DSAP are described be-

low. Nosetip geometries may be arbitrary, or one of several analytic

options. The frustum geometry inputs allow for the definition of axisym-

metric multi-conic configurations.

1. NOSE GEOMETRY

Arbitrary

Arbitrary nose geometries are specified by defining cross-sections

perpendicular to the vehicle centerline, as shown in Figure 1. Cross-

sections are defined in terms of the polar coordinates RBD(K,M) and PHIBD(M)

at the axial stations ZBD(K), relative to the center of each cross-section.

defined from the arrays D0(K) and D2(K). Note that the cross-section cen-

ters need not lie along the vehicle axis.

Options are provided for specification of special types of cross-

sections, as discussed in Reference 2. The option exercised is determined

by the number of meridional planes of geometry input, and the appropriate

values of PHIBD are generated automatically as follows:
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No. of Planes Input Geometry PHIBD

1 circular 0

2 elliptic 0,7/2
3 bi-elliptic 0,7r/2,n

4(ISA= 2 only*) quad-elliptic OT/2, r, 3,r/2

If more than four planes of gemoetry are input (three planes, for ISA 1)

the cross-sections are taken to be arbitrary and the PHIBD array must be

specified.

The surfaces to be computed in the nose calculation, defined as

= constant, are specified by the user with the PHI(M) array. Appropriate

radii at each cross-section for each • value are determined analytically

for the special cross-section options listed above; for the case of general

cross-sections the radii are deterni'ned by cubic spline interpolation.

If the user does not specify the number of surfaces to be computed,

the PHI array is automatically set to provide for surfaces spaced 900 apart;

for a pitch plane of geometric symmetry without sideslip (ISA = 1), the

surfaces to be computed are P = 0, 7r/2, and 7T. Without a plane of symmetry

(ISA 2), the surfaces are ^ = 0, n/2, 7T and 3w/2. ($ is defined such

that $ = 0 corresponds to the lee plane for positive angle of attack, and

S= iT to the wind plane.)

For geometries with a pitch plane of symmetry that have general

cross-sections and are to be run at sideslip (requiring ISA = 2), it is

possible to define only the half-planes of the arbitrary cross-sections,

imposing symmetry of the geometry about the pitch plane by specifying the

T= r plane as MSYM.

*ISA is a flag, set to one if a pitch plane of gemoetric symmetry exists

and the sideslip is zero; otherwise, ISA is set to two.
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The stagnation point on arbitrary nose geometries in 3DSAP is

defined by the user-supplied values of D1(1) and D2(1); RBD(1) must always

be zero. This point will be common to all surfaces PHIBD(M) and PHI(M).

In addition, the last point of the nose geometry, which must coincide with

the start of the frustum, must have D1 and D2 both zero, and all values

of RBD at this station must be equal to RF(1) (see frustum geometry de-

finition).

Anal tyic

Options exist within the 3DSAP for the analytic definition of

spherical, elliptic, and biconic nosetips. A spherical nosetip, with

radius RN, is assumed if no ZBD's are input, and IBIC = 0 and IELL = 0.

The axial location of the geometric stagnation point is assigned to be

Z = DELZ.

If IELL 0 0, an elliptic nosetip is assumed, with the ratio of

major to minor axes defined as AB(a/b), as shown in Figure A.1. Setting

IBIC ý 0 allows a biconic nosetip to be defined by the parameters THN, RC,

and RN, as shown in Figure A.1. Note that Z = 0 is defined as the virtual

apex location of the first conical afterbody segment for both the elliptic

and biconic nosetip analytic geometry options.

2. FRUSTUM GEOMETRY

The definition of the frustum geometry in this modified version

of 3DSAP requires the specification of values for the arrays ZF, RF, DZF,

and THF (see Figure 4.1). The frustum is assumed to be an axisymmetric

multi-conic, with NCON conic sections (maximum of 5). Values for RF(1)

and ZF(1) must always be provided (except for a spherical nosetip), and

each conical segment I is defined through specification of any of the

following pairs of parameters:
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a.) ELLIPTIC NOSETIP
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"=0
b.) BICONIC NOSETIP

FIGURE A,1, ANALYTIC DEFINITION OF ELLIPTIC AND BICONIC

NOSETIPS
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ZF(I+1), RF(I+i)

ZF(1+I), THF(I)

RF(I+1), DZF(I)

RF(I+1), THF(I)

DZF(I), THF(I)

Cylindrical segments (THF(I) = 0.) cannot be defined using the RF(I+1),

THF(I) pair.

B. FREESTREAM PROPERTIES

For each calculation it is necessary to specify the freestream

Mach number (AMINF) or the freestream velocity (QINF), as well as the static

pressure and temperature (PINF and TINF). Values of PINF and TINF will be

generated automatically from the 1962 standard atmosphere tables by speci-

fying the desired altitude (ALT) and the flat IATMP = 62 for the 1962 U.S.

Standard tables or IATMP = 59 for the 1959 ARDC tables. For non-dimensional

ideal gas calculations, PNIF and TINF are set to 1.0 (default values).

Care must be exercised when specifying QINF for non-dimensional ideal gas

calculations, since then QINF = VI/vp , as discussed below.

The orientation of the vehicle relative to the freestream velocity

vector is defined by specification of the angle of attack (ALPHA) and the

sideslip angle (BETA). Note that positive angle of attack implies nose

up, and positive sideslip angle implies nose left.

Units

IDEAL GAS (IRG = 0)

The standard operating procedure for ideal gas calculations is

to use non-dimensional variables, in which PINF = TINF = RIDEAL = 1. With

this normalization the variables in 3DSAP take the forms:
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3DSAP ACTUAL

p P/ P.

T T/T.

Note that with this formulation the gas law becomes p = pT. The isentropic

exponent is specified as GIDEAL. If desired, a compressibility factor

(ZIDEAL) may also be specified.

Dimensional ideal gas calculations are also possible, requiring

only that a dimensionally consistent value of RIDEAL is specified, as well

as appropriate values of PINF and TINF.

REAL GAS (IRG =1)

All quantities in real gas calculations are dimensional with the

units:

p lb f/ft2

p slugs/ft3

T OR

(u'v'w) ft/sec

The real gas thermodynamic properties used in 3DSAP are for equilibrium

air. The gas properties required during the calculation are obtained by

interpolation on the thermodynamic property tables supplied with the code.
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C. OUTPUT CONTROLS

This section details the input variables that control the type

of output generated by the 3DSAP code.

1. STANDARD FORMAT

The standard output of 3DSAP consists of the following:

a.) surface pressure and shock shape for each surface on

the nose,

b.) summary of force and moment data on the nose at each

axial station specified,

c.) surface pressure and shock shape for each plane on

the frustum,

d.) summary of force and moment data on the frustum at

each axial station computed.

Force and moment coefficients are normalized using a local reference

area (-,r 2 ) ard the local reference length (z, measured from the arbitrary

point z = 0). Options are available to the user to specify a reference area

(AREF) and a reference length (ALREF) to be used at all stations. In addi-

tion, an arbitrary moment reference point may be used by specifying XBAR,

YBAR, and/or ZBAR.

2. OPTIONAL OUTPUT

Additional output which may be generated includes:

a.) tables of shock properties (KENSE(1) $ 0),

b.) field data (data printed every IPRINT stations

beginning with station MPRINT).
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0. SPECIAL PROVISIONS AND OTHER CONTROLS

3DSAP has input parameters and options other than those described

above, designed to provide the user with a high degree of flexibility in

the application of the code. These parameters and options are described

below.

Global Transonic Iteration

As discussed in References 1 and 2, 3DSAP has the option of per-

forming a global iteration on shock slopes in the approximate transonic

solution on the nose. Although not normally exercised in the standard

operating procedure of 3DSAP, this global iteration can be implemented by

setting ISHK to zero. The use of this global iteration is discussed in

Reference 2.

Surface Entropy Relaxation

In the standard operating procedure of 3DSAP the surface entropy

is assigned the stagnation value, since the stagnation streamline wets the

body surface in inviscid flow. However, as the length of the frustum

* approaches infinity, the vortical layer induced by a blunt nosetip becomes

singular. (Such a situation would be encountered if a sharp cone solution

were sought as the limit of a blunted cone solution as the bluntness ratio

goes to zero.) To avoid this problem, the surface entropy in the windward

plane of the frustum may be relaxed by determining its value by extra-

polation of the entropies at the two adjacent field points on the body

normal. This option is exercised by setting ICS equal to zero.

Termination of the Calculation

In normal usage, 3DSAP terminates when the end of the frustum

has been reached in the forward-marching computational procedure. For code

check-out purposes, it is sometimes convenient to compute only a predetermined
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number of steps on the frustum. 3DSAP can be terminated before the end of

the frustum is reached by specifying the number of computational steps to

be taken on the frustum, MTERM.

Intervals Across the Shock Layer

Since it is a complete flow field technique, 3DSAP determines

properties across the shock layer (along body normals) as well as surface

pressures and shock shape. Two input parameters are available in 3DSAP

to control the point spacing between the body and the shock along body

normals, NMAX1 and NMAX2. NMAX1 is the number of points used across the

shock layer in the transonic solution and is usually set to five. Points

in the transonic region are equally spaced in stream function across the

body normal (vonMises coordinates). For supersonic calculations, both on

the nose and the frustum, the number of points used is determined by NMAX2.

Points in the supersonic calculation are equally spaced in distance from

the body, measured along the body normal. The standard value of NMAX2 is

ten, although other values may be appropriate depending on the freestream

Mach number, as discussed in Section 6.

Definition of Transonic Region

3DSAP automatically determines the end point of the transonic

region in each nose surface being computed by taking the more downstream

of:

a.) the body point that is NSON input points downstream

of the sonic point (which is determined from a correla-

tion based on local body slope), or

b.) the most forward point such that no downstream point

has a surface slope relative to the freestream velocity

vector of greater than 450.

For most applications, a value of NSON equal to one will provide an adequate

definition of the transonic regions. By careful choice of NSON. however, the

user has the ability to enlarge the transonic region, if so desired.
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Nosetip Pressure Correlation Option

As described in Section 2 of this report, a new nosetip pressure

correlation which was developed for indented nosetip geometries has been

added as an option to 3DSAP. This new correlation will automatically be

used for arbitrary nosetip geometries, or if the user sets IPRESS = 2.

The original correlation described in Reference 1 will automatically be

used for analytic nosetip geometries, or if the user sets IPRESS = 1.

Normal Coordinate Stretching

The stretching of the normal coordinate to concentrate mesh points

near the vehicle surface, as described in section 3, is invoked by specifying

a value for the stretching parameter, c*(ALPHSTR). The effect of this

stretching parameter is illustrated in Figure 3.1. Different values of c*

may be assigned to the bow and embedded shocks by specifying ALPHSTR(1)

and ALPHSTR(2), respectively.

Pressure Profile Exponent

The assumed pressure profile across the shock layer in the tran-
sonic solution of 3DSAP takes the form

I L)ANEXP,( -

where ANEXP = 2 in the original version of 3DSAP (Reference 1). In the

current version of 3DSAP, ANEXP has been pre-set to 0.75 (recommended value),

but the user c:l: "trdify this value by specifying a different value for ANEXP.
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APPENDIX B. GLOSSARY OF INPUT VARIABLES

(Default values shown in parentheses at right)

AB Ratio of major to minor axes for elliptic
nosetip (analytic elliptic nosetip geometry
option)

ALPH A ot, Angle of attack (degrees)

ALPHSTR(I) cc*, Stretching parameters for normal grid (0.)
stretching; I = 1 for Region I and I = 2
for Region II (for flared bodies) of frustum
calculation

ALREF Reference length for moment coefficients (if
zero, local z used)

ALT Altitude (feet), if IATMP used

AMINF V,., Freestream Mach number (if Q;NF not input)

ANEXP Exponent for assumed pressure profile across (0.75)
the nosetip shock layer (transonic region)

AREF Reference area for force and moment coefficients
(if zero, local .rrb 2 used)

BETA a, Sideslip angle (degrees)

DELZ Axial location of the geometric stagnation (0,0)
point for a spherical nosetip

DZF(I) Array of axial lengths of conical frustum
segments (NCON values)

D1(K) d1 , Vertical offset of nose cross-section center,
maximum value of K = 25

D2(K) d2, Lateral offset of nose cross-section center,
maximum value of K = 25

GIDEAL y, Ideal gas isentropic exponent (1.4)

IATMP Atmospheric freestream property assignment (0)
indicator:
= 62 Freestream pressure and temperature

from 1962 standard atmosphere

= 59 Freestream pressure and temperature
from 1959 ARDC tables
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IBIC $ 0 For analytic biconic nosetip geometry
option

ICS Surface entropy relaxation indicator: (1)
= 0 Surface entropy relaxed in wind plane
= 1 No entropy relaxation

IELL 0 For analytic elliptic nosetip geometry
option

IPRESS Nosetip pressure correlation option flag
= 1 For spherical nosetip correlation
= 2 For indented nosetip correlation

IPRINT Print increment control for field output (1)

IRG Real gas option indicator:
= 0 For ideal gas thermodynamics
= 1 For equilibrium air thermodynamics

ISA Plane of symmetry indicator: (1)
= I Pitch plane of symmetry and a = 0
= 2 Asymmetric shape or B $ 0

ISHK Global transonic iteration indicator: (1)
= 0 For global iteration on transonic shock slopes
= 1 For assignment of transonic shock slopes

KENSE(1) Shock table output indicator: (0)
> 0 Shock tables printed out as part of calculation
< 0 Code generates shock tables only

KMAX Number of points per meridional plane on nose - (15)
maximum of 25 (required for analytically defined
spherical nose only)

MPRINT Station at which printing of field output begins (999)

MSYM Index of meridional surface about which the
geometry is symmetric

MTERM Number of steps to be taken (if termination (999)
desired before z = ZF(NCON + 1))

NCON Number of conical segments on the frustum (1)
(maximum of 5)

NITER Maximum number of global transonic iterations, (100)
if ISHK - 0
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NMAXI Points between body and shock - transonic (5)
(maximum of 20)

NMAX2 Points between body and shock - supersonic (10)
(maximum of 20)

NSON Number of points beyond sonic point to be (0)

included in transonic region

NUWTB Number of entries in shock table (91)

PHI(M) 4, Meridional angles of surfaces to be (ISA- 1 00,900.1800)
calculated on nose (deg.) (ISA= 2 00,900,1800,2700)
(maximum value of M = 8)

PHIBD(M) $, Meridional angles of surfaces in which
arbitrary nose geometry is defined (Deg.)
(maximum value of M = 8)

PINF p,, Freestream static pressure (Real Gas, lbf/ft2 ) (1.0)

QINF q,, Freestream velocity (if AMINF not input)
(Real Gas, ft/sec)

RBD(K,M) r, Local nose radius at axial station K and
meridional surface M; maximum value of K = 25,
maximum value of M = 8

RC Corner radius for biconic nosetip geometry

RF(I) Array of radii of conical frustum segments
(NCON + 1 values)

RIDEAL R, Gas constant (Ideal Gas) (1.0)

RN rN, Nose radius (spherical or biconic noses)

STAB Stability factor on CFL condition for super- (1.0)
sonic calculations

TEST(11) Convergence criterion for shock property (10-4)
calculations (Real Gas)

TEST(12) Convergence criterion for stagnation condition (10-4)
iteration (Real Gas)

TEST(28) Test for initiation of bow and embedded shock (0.05)
intersection procedure; shock intersection
assumed when (Ysl-YS2 )/(ysI) _ TEST(28)
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TEST(29) Convergence criterion for embedded and bow shock (0.001)
intersection iterative calculation

TEST(30) Test for initiation of flare calculation; flare (2.0)
assumed when THF(I + 1) - THF(I) > TEST(30),
in degrees

TEST(31) Convergence criterion for global transonic (0.005)
iteration

TEST(32) Damping factor for global transonic (0.6)
iteration

TEST(33) Convergence criterion for local transonic (0.005)
iteration

TEST(34) Convergence criterion for supersonic shock (10")
calculation

TEST(35) Alternate convergence criterion for supersonic (10-4)
shock calculation

TEST(36) Acceleration factor for local transonic (1.1)
iteration

TEST(37) Convergence criterion for flare embedded shock (10-4)
initialization iteration

TEST(38) Increment in axial location used in initializing (0.05)
embedded shock calculation

TEST(39) Criterion for respacing grid points in region (0.05)
between embedded and bow shocks

TEST(40) Criterion for respacing grid points in region (0.05)
between body and embedded shock

THF(I) Array of cone angles of conical frustum
segments (degrees) (NCON values)

THN Nose cone angle for biconic nosetips

TINF T,, Freestream static temperature (Real Gas, OR) (1.0)

XBAR,YBAR, (X,Y,Z) Moment reference point
ZBAR

ZBD(K) Axial stations for specification of nose
geometry, maximum value of K = 25

ZF(I) Array of axial stations of conical frustum
segments (NCON + 1 values)

ZIDEAL z, Compressibility factor (Ideal Gas) (1.0)

49.
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